Introduction
Bone morphogenetic proteins (BMPs) are a group of growth factors, also known as cytokines, originally discovered by their ability to regulate formation of bone and cartilage, but currently demonstrated to exert a wide range of morphogenetic activity that is both tissue-and context-dependent (Reddi and Reddi, 2009) . Cancer often involves dysregulation of the BMP signaling pathway (Singh and Morris, 2010) . However, the precise role of BMPs in cancer remains rather elusive. On one hand, there are well-established tumor-promoting effects linking BMPs, their receptors and interacting molecules to carcinogenesis and tumor progression, but BMPs can sometimes play the role of tumor suppressors (Singh and Morris, 2010) . Among the multitude of suppressive roles, it has been demonstrated that the BMP pathway promotes the sustenance of the epithelial phenotype in various cell types and cell lineages (Zeisberg et al., 2003) , as well as in breast and colorectal cancer (CRC) (Alarmo and Kallioniemi, 2010; Beck et al., 2006) . Recent data suggest that sporadic CRC may disrupt the tumor-suppressive effects of BMP signaling through genomic mutations of SMAD4 and BMP receptor type II (Kodach et al., 2008; Kotzsch et al., 2008) . Epigenetic mechanisms for disruption of the suppressive BMP signaling in gastrointestinal tract tumors have also been suggested (Wen et al., 2006) . We (Karagiannis et al., 2013a) and others (Sneddon et al., 2006) have additionally demonstrated that the expression of BMP antagonists/inhibitors (BMPIs), such as gremlin-1, may impair BMP2/7 signaling and promote tumor cell motility and proliferation.
Earlier studies in our laboratory on SW480 and SW620 cocultures with primary normal colonic fibroblasts identified three BMPIs, namely gremlin-1 (GREM1), follistatin (FST) and high-temperature requirement A3 (HTRA3), which also regulate other pathways in the transforming growth factor-b (TGF-b) superfamily of proteins (Karagiannis et al., 2012a) . Specifically, all three BMPIs were abundantly expressed in desmoplastic cocultures, but were not secreted by control monocultures. Accumulating evidence from our (Karagiannis et al., 2012b; 2013a) and other groups (Namkoong et al., 2006; Sneddon, 2009; Sneddon et al., 2006) suggest that GREM1 may be microenvironmentally regulated and expressed by both cancer-associated fibroblasts (CAFs) and cancer cells in the invasive margins in a variety of desmoplastic cancers. However, the exact pattern of BMPI expression is largely unknown in the tumor-host cell interface, especially in the CRC desmoplastic microenvironment.
Here, we undertook an immunohistochemical (IHC) approach to describe the expression of these BMPIs in two independent cohorts of patients with invasive CRC. We assessed both stromal and epithelial expression of these BMPIs in desmoplastic invasion fronts and characterized the independent contribution of each BMPI determinant in the overall BMPI expression signature.
2.
Materials and methods
Patient cohorts
The study involved two distinct patient cohorts, both randomly obtained from a larger well-established cohort of 219 patients with invasive CRC (Supplementary Table 1 ), first described in our previous study (Grin et al., 2013) . The discovery (hypothesis-generating) cohort (n ¼ 30) was blindly selected with respect to creating three independent groups based on histological criteria defining the tumor-budding population, as previously described (Mitrovic et al., 2012) . In particular, high-grade tumor-budding (n ¼ 10), low-grade tumor-budding (n ¼ 10) and tumor-budding-free (n ¼ 10) patient groups were selected. The REMARK guidelines and principles were followed for the design of the verification study (Altman et al., 2012) . The validation (hypothesis-verifying) cohort (n ¼ 38) had the following clinicopathologic characteristics: (1) median follow-up of survivors: 56 months (range 0e79; interquartile range 14e64); (2) median age of cohort: 67.5 years (range 34e89; interquartile range 60e77); (3) percentage of males: 55.3% (n ¼ 21); (4) disease location: of the 20 right sided cancers (52.6%), 11 (28.9%) were located in the caecum, 6 (15.8%) in the ascending colon and 2 (5.3%) in the transverse colon and 1 (2.6%) in the splenic flexure. Of the 18 left-sided cancers (47.4%), 2 (5.3%) were located in the descending colon, 12 (31.6%) in the sigmoid colon and 4 (10.6%) at the rectosigmoid junction/upper rectum; (5) 30-day mortality: 5.3% (n ¼ 2); (6) T-Category: 30 (78.9%) were classified as pT3 and 8 (21.1%) as pT4; (7) the 5-year disease-free survival (DFS) was 68.1% and the 5-year overall survival (OS) was 81.6%; (8) Regarding tumor-budding, 14 cases (36.8%) were identified with medium/high tumor-budding (TB > or ¼ 5); (9) Crohn's like reaction was present in 5 cases (13.1%); (10) marked tumor-infiltrating lymphocytes (marked-TILs) were found in 7 cases (18.5%).
Immunohistochemistry (IHC)
Staining was carried out as previously described (Karagiannis et al., 2014 Based on the concept of "tumor development along with the surrounding context", described by the Mina Bissell group (Bissell and Radisky, 2001) , as well as our previous work on CRC desmoplasia (Karagiannis et al., 2012a) , here, we assumed that the expression of BMP antagonists GREM1, HTRA3 and FST is restricted in specialized microenvironments, such as the desmoplastic invasion front. A small number (n ¼ 1e6) of sections in each specimen, encompassing such microenvironments, was randomly selected in each case, based on b-CAT staining, which provides adequate discriminatory power between cancer and stromal cell populations (Supplementary Figure 1) . Areas encompassing tissue lifting or limited tissue on the slides, edge artifacts, high background staining and abundant mucinous component were excluded. The desmoplastic nature of the acquired areas was verified with the myofibroblastic markers a-smooth muscle actin (a-SMA) and laminin-b1 (LAMB1), as well as the smooth-muscle marker h-caldesmon (CALD). Only peritumoral stromata, bearing an expression signature reminiscent of the desmoplastic microenvironment (i.e. a-SMA positive, LAMB1 positive, h-CALD negative or focally-positive) was accepted for further consideration in this study (Supplementary Figure 2) . Overall, 90 and 167 areas fulfilled these quality control criteria for the discovery and validation cohorts, respectively.
Scoring of the BMPIs
Of the 90 areas selected in the discovery cohort, a total of 35 had tumor-budding populations and were named as: "tumor-budding areas", while 55 did not have tumor-budding, and were termed as "invasion fronts" (Table 1 ). Using histological criteria proposed from our group (Mitrovic et al., 2012) , the areas were also classified according to their tumor-budding score (TBS) into: "no tumor-budding" (NTB; 0 < TBS < 5; n ¼ 55), "low-grade tumor-budding" (LGTB; 5.1 < TBS < 10; n ¼ 18) and "high-grade tumor-budding (HGTB; 10.1 < TBS < 15; n ¼ 17) (Table 1) . GREM1, HTRA3 and FST were scored for both epithelial (e) and stromal (s) compartment of the tumors in all 90 areas, either these simply represented invasion fronts or tumor-budding areas. Therefore, the following independent scores were obtained: eGREM1, sGREM1, eHTRA3, sHTRA3, eFST and sFST, here termed as "BMPI determinants". To obtain a single numerical value for each of these determinants, two independent parameters were co-assessed: the staining intensity (SI) and the staining percentage (SP). For the BMPI determinant under investigation, the SI was scored with 0 (no intensity), 1 (low intensity), and 2 (strong intensity) (Supplementary Figure 3) . Accordingly, the SP was scored with 0 (0% of area is positive), 1 (0.1e10% of area is positive), 2 (10.1e50% of area is positive), and 3 (50.1e100% of area is positive). The two parameters were multiplied to provide the final score for each BMPI determinant in each area [e.g. eGREM1
From the range of the numerical values of the SI and SP parameters, it follows that each determinant could be designated with a score of 0e6. Total scores for GREM1 (tGREM1), HTRA3 (tHTRA3) and FST (tFST), were calculated by combining the individual scores for (e) and (s) BMPI determinants [e.g. tGREM1 ¼ eGREM1þ sGREM1]. Thus, each of the tGREM1, tHTRA3 and tFST values could be designated with a score of 0e12. Finally, for each area, the total BMPI (tBMPI) index was calculated from scores of all three BMPIs [tBMPI ¼ tGREM1 þ tHTRA3 þ tFST]. Thus, tBMPI obtained a numerical value of 0e36 in each area. Based on the tBMPI scores, we classified the areas into Q1 (n ¼ 22; tBMPI ¼ 0e3; low BMPI-expressing quartile), Q2 (n ¼ 26; tBMPI ¼ 4e7; low-medium BMPI-expressing quartile), Q3 (n ¼ 21; tBMPI ¼ 8e11; mediumehigh BMPI-expressing quartile) and Q4 (n ¼ 21; tBMPI ¼ 11e36; high BMPI-expressing quartile). Each one of these quartiles represents 25% of the Of the 167 areas selected in the validation cohort, a total of 89 belonged to invasion fronts with presence of tumor budding, while the remainder 78 was invasion fronts free of tumor-budding population. This cohort was used for verifying the difference in the expression of eHTRA3 between these two types of areas.
Quality controls
Bone morphogenetic protein antagonists have been shown to be expressed by naturally-occurring myofibroblasts around healthy colonic crypts, whereby they support the stem-cell niche and the differentiation gradient of the normal colonic epithelium along the crypt axis (Karagiannis et al., 2012b; Saaf et al., 2007) . As such, pericryptal expression of GREM1, HTRA3 and FST served as positive internal controls. Negative controls were performed by omitting the primary antibody step, and by evaluating inbuilt negative controls in each specimen separately (e.g. muscularis propria, inflammatory cells and endothelial cells). A few examples are shown in Supplementary  Figure 4 . Areas not following quality control criteria described above were removed from the study.
Statistical analysis
The SPSS (version 20) software was used for all analyses. Data regarding expression levels of various BMPIs were presented as bars of means with their standard error. BMPI signature patterns were shown as lines indicating means with their standard error. The KolmogoroveSmirnov statistic was performed to test for normality of distribution in the BMPI score values. In cases where data did not follow a normal distribution, the non-parametric ManneWhitney U-test was utilized to compare BMPI scores between two independent groups of areas. In cases where data followed a normal distribution, the parametric independent-samples student's t-test was utilized instead. In these cases, the Levene's test was a priori performed to test for equality of variances between the two groups. Whenever equal variances could not be assumed, the Levene's correction in degrees of freedom was performed for correcting the obtained p-values. The non-parametric Wilcoxon test was used to compare BMPI scores between two matched/paired area groups. Where applicable, line diagrams demonstrating the ratio of expressions for individual BMPIs between (e) and (s) compartments (i.e. "microenvironmental polarity" diagrams) were constructed. In these cases, the angles of inclination were tested for statistically significant difference from an angle of inclination equal to "0", using the non-parametric chi-square statistic. The nonparametric JonckheereeTerpstra test was used for comparing individual BMPI scores among multiple independent area groups. For correlations, the non-parametric Spearman's ranked correlation coefficient was applied. Correlation matrices for multiple variables were created using Spearman's rho values. Statistical significance was shown at either 0.05 or 0.01 level.
For logistic regression analysis, prediction criterion was a dichotomous variable either designated as "tumorbudding areas" (N ¼ 35) or "invasion fronts" (N ¼ 55). Factor included in the analysis was the epithelial expression of the BMP antagonist HTRA3 (i.e. eHTRA3). A p-value < 0.05 was regarded as statistically significant. Goodness-of-fit was a priori performed with the HosmereLemeshow (HL) statistic; p-value < 0.05 was considered significant to show improper data calibration. Receiver operating characteristic (ROC) curves were used to assess the adequacy of the predictive power. Cross-tabulation was used to assess sensitivity and specificity. For validation purposes, the logistic regression model was performed using eHTRA3 expression scores from the validation cohort. In the latter case, a series of co-factors such as gender, T-category, Lymph node yield, status of intravascular invasion, presence of Crohn's like lesions and marked tumor-infiltrating lymphocytes (marked-TILs) were additionally included in the classification model. 
Results

BMPI expression in colorectal cancer desmoplastic invasion fronts
In each of the 90 selected areas in the discovery cohort, six independent scores corresponding to either stromal (s) or epithelial (e) expression of GREM1, HTRA3 and FST, were provided. Descriptive statistics for eGREM1, sGREM1, eHTRA3, sHTRA3, eFST and sFST, here termed as "BMPI determinants", are shown in Table 2 . Interestingly, all BMPIs were expressed in both epithelial and stromal compartments of CRC desmoplastic invasion fronts. The highest mean expression score was noticed for HTRA3 (tHTRA3; mean, 3.37; standard error, 0.27), followed by GREM1 (tGREM1; mean, 2.46; standard error, 0.284) and FST (tFST; mean, 2.35; standard error, 0.193 
Coordinated epithelial and stromal expression of BMPIs in desmoplastic invasion fronts
In a first attempt to characterize the BMPI expression signature in CRC, we investigated the expression pattern of six BMPI determinants across increasing levels of BMP antagonism. The signature tended to retain a similar pattern of BMPI expression from low-to high-BMPI-expressing quartiles of selected areas (Figure 1 ; dashed red lines demonstrate the mean tBMPI in each quartile). Moreover, it was clear that all six BMPI determinants could contribute to some extent in the increasing levels of BMP antagonism (Figure 1 ).
We validated this observation using two independent statistical methods. First, by comparing the expression of the six BMPI determinants among the Q1eQ4 areas, we found statistically significant differences ( p < 0.01; JonckheereeTerpstra test) in the ranked expression scores for all six of them ( Figure 2A ). All BMPI determinants exhibited stable increase in their mean expression scores across the Q1eQ4 areas ( Figure 2A) . Also, although Q1 areas were almost deficient in eGREM1expression, this BMPI determinant presented with the highest mean expression score among all investigated BMPI determinants in the areas of high BMP antagonism (i.e. Q4 areas) (Figure 2A) .
Second, by correlating the total expression scores of the three BMPIs, we found statistically significant associations ( p < 0.01; Spearman's ranked correlation coefficient) between all combinations of correlations (i.e. tGREM1/tHTRA3, tGREM1/tFST and tHTRA3/tFST) ( Figure 2B ). In addition, when we performed correlation studies using the individual (s) and (e) scores, we again came across statistically significant associations ( p < 0.01 or p < 0.05, refer to Figure 2C for details; Spearman's ranked correlation coefficient) between all possible combinations of correlations (with the exception of certain correlations regarding the eHTRA3 determinant). As illustrated from the respective correlation matrices (Figure 2BeC ), the calculated correlations were all positive (Spearman's rho > 0), signifying coordinated increase of mean expression score values for all BMPIs.
Two representative areas, the first (tGREM1 ¼ 0; tHTRA3 ¼ 2; tFST ¼ 0, tBMPI ¼ 2) derived from Q1 quartile, while the second (tGREM1 ¼ 10; tHTRA3 ¼ 7; tFST ¼ 5; tBMPI ¼ 22) derived from Q4 quartile are shown ( Figure 2D ). Together, they illustrate differences in the immunoreactivity of BMPI determinants in areas with varying levels of BMP antagonism. 3.3.
Microenvironmental polarity of BMPI expression in desmoplastic invasion fronts
The observed 'peaks' on the BMPI expression pattern across Q1eQ4 groups almost conservatively corresponded to three particular BMPI determinants, namely the eGREM1, sHTRA3 and eFST ones (Figure 1 ; black arrows). This led us to hypothesize that the repertoire of BMPIs participating in BMP antagonism is polarized, i.e. it is different but consistent for each BMPI on both sides of the tumor-host cell interface. The highest mean expression score in the stromal BMPI determinants was noticed for sHTRA3 (mean, 2.36; standard error, 0.162), followed by sGREM1 (mean, 0.84; standard error, 0.138) and sFST (mean, 0.58; standard error, 0.087) ( Table 2) . Also, the highest mean expression score in the epithelial BMPI determinants was noticed for eFST (mean, 1.77; standard error, 0.153), followed by eGREM1 (mean, 1.61; standard error, 0.18) and eHTRA3 (mean, 1.01; standard error, 0.16) ( Table 2) . Accordingly, both GREM1 and FST demonstrated a preferential expression in the epithelial compartments ( p < 0.05; Wilcoxon test), while HTRA3 in the respective stromal compartments of the tumors investigated ( p < 0.05; Wilcoxon test), regardless of area type (i.e. invasion front or tumor-budding area) (Figure 3AeC , Table 2 ).
Microenvironmental polarity of GREM1/FST expression in the epithelial compartment was also demonstrated through significantly higher mean expression scores of both eGREM1 and eFST compared to eHTRA3 ( p < 0.05; Wilcoxon test), across increasing BMPI-expression score quartiles ( Figure 3D ). An exception to this observation was the Q4 areas, whereby eHTRA3 almost reached the same expression levels with eGREM1 and eFST ( p > 0.05; Wilcoxon test) ( Figure 3D ). This occurred due to a significant increase of eHTRA3 mean expression score between Q3 and Q4 areas ( p < 0.05; ManneWhitney U-test) ( Figure 3D ). On the other hand, sHTRA3 demonstrated a significantly higher mean expression score compared to either sGREM1 or sHTRA3 determinants ( p < 0.05; Wilcoxon test), across increasing BMPI-expression score quartiles, without any exceptions ( Figure 3E) .
A representative area (tGREM1 ¼ 2; tHTRA3 ¼ 2; tFST ¼ 6; tBMPI ¼ 10) was selected to illustrate the microenvironmental polarity of BMPI expression. Immunoreactivity of HTRA3 was solely detected in the stromal compartment (sHTRA3 ¼ 2; eHTRA3 ¼ 0), while immunoreactivity of GREM1 and FST was detected in the epithelial compartment (sGREM1 ¼ 0; eGREM1 ¼ 2; sFST ¼ 0; eFST ¼ 6) of the tumor ( Figure 3F ).
These data briefly indicate that: (a) The major determinant of stromal BMP antagonism in CRC desmoplastic invasion fronts is HTRA3, and (b) The major determinants of epithelial BMP antagonism in CRC desmoplastic invasion fronts are GREM1 and FST. Collectively, these conclusions are reminiscent of the regulation of BMP antagonism in the desmoplastic invasion front through microenvironmental polarity.
Epithelial expression of BMP inhibitor HTRA3 is differentially regulated between tumor-budding-bearing and tumor-budding-free desmoplastic invasion fronts
Three diverse lines of evidence suggested that epithelial expression of HTRA3 followed a different pattern from the rest of the BMPIs that demonstrated a more conserved expression signature in CRC desmoplastic invasion fronts: First, eHTRA3 mean expression score shifted the pattern of the BMPI expression signature in the Q4 areas, by incorporating itself in one of the observed 'peaks' (Figure 1; red arrow) . Second, this change was associated with significant increase in eHTRA3 levels of Q4 areas, when compared to the rest of the quartiles ( Figure 3D ). Third, eHTRA3 failed to correlate with two other BMPI determinants (sHTRA3, Spearman's rho ¼ 0.187, p > 0.05; eFST, Spearman's rho ¼ 0.196, p > 0.05) Figure 3 e Microenvironmental polarity of BMPI expression in colorectal cancer desmoplastic invasion fronts. (AeC) Mean expression scores of individual BMPI determinants in tumor-budding and tumor-budding-free invasion fronts. Asterisks demonstrate statistically significant differences with Wilcoxon test ( p < 0.05). (DeE) Mean expression scores of individual BMPI determinants across Q1eQ4 quartiles. Asterisks demonstrate statistically significant differences with either Wilcoxon test (matched areas; p < 0.05) or ManneWhitney U-test (non-matched areas; p < 0.05). (F) IHC snapshots from one selected area demonstrating the preferential expression of HTRA3 in cancer-associated fibroblasts (CAFs) and the parallel expression of GREM1 and FST in cancer cells. GREM1 signal is the lowest in this particular area, but is focally present in multiple neoplastic glands. Magnifications 3200.
( Figure 2C ). These discrepancies allowed us to hypothesize that the microenvironmental polarity of HTRA3 is prone to disruption in elevated levels of BMP antagonism and could be possibly related to biological phenomena in the desmoplastic invasion front, with most appealing hypothesis that of tumor-budding regulation.
On this basis, we compared the mean expression scores of all six BMPI determinants between areas designated as "invasion fronts" and those designated as "tumor-budding areas", and found statistically significant increase of eHTRA3 expression levels ( p ¼ 0.01; ManneWhitney U-test) in the latter areas ( Figure 4A ). The observed shift in HTRA3 expression pattern occurred in the Q3 quartile, as demonstrated from the microenvironmental polarity diagrams, where the angle of inclination was significantly different from "0" ( p < 0.05; chi-square test) ( Figure 4B) . Notably, the co-assessment of Figures 3D and 4B revealed that the shift of HTRA3 microenvironmental polarity in Q3 quartile is followed by and may potentially justify the increased eHTRA3 expression observed in elevated BMP antagonism (Q4 quartile).
A selected area (tGREM1 ¼ 2, tHTRA3 ¼ 10, tFST ¼ 3, tBMPI ¼ 15) demonstrating significantly increased HTRA3 immunoreactivity in tumor-budding cells (eHTRA3 ¼ 6; sHTRA3 ¼ 4) is shown in Figure 4C . Although increased eHTRA3 expression was associated with occurrence of tumor budding ( Figure 4A) , we failed to demonstrate significant association with tumor budding grade ( p ¼ 0.63; ManneWhitney U-test) (Supplementary Figure 5) . 
Epithelial expression of BMP inhibitor HTRA3 holds pre-invasive information for tumor budding formation in desmoplastic invasion fronts
Since tumor-budding is considered as an endpoint of cancer cell detachment from the proximal tumor invasion fronts, we sought to investigate whether eHTRA3 expression held any pre-invasive information for regulating it. An a priori goodness-of-fit test was performed and data were considered to be well-calibrated ( p ¼ 0.339; HosmereLemeshow test) for logistic regression analysis. The analysis demonstrated a statistically significant relationship between eHTRA3 expression score and tumor-budding presence ( p ¼ 0.025). ROC curves were conducted to evaluate the effectiveness of eHTRA3 in differentiating between tumor-budding-bearing and tumorbudding-free desmoplastic invasion fronts. The area under the curve (AUC) was 0.645 ( Figure 5A ) with a sensitivity of 89.1% and specificity of 20%, as depicted through the classification table, showing that eHTRA3 is sensitive but not specific.
We exploited the possibility that BMP antagonism could influence the potential of eHTRA3 in discriminating tumorbudding-free from tumor-budding-bearing microenvironments. By repeating logistic regression for Q1eQ4 quartiles independently (subgroup analysis), we found statistically significant relationship between eHTRA3 expression score and tumor-budding-free microenvironment ( p ¼ 0.04) in the Q3 quartile ( Figure 5B ). Associations in other quartiles were non-significant ( Figure 5B ). The AUC for Q3 was 0.767 with 100% sensitivity and 50% specificity, indicating that eHTRA3 becomes more sensitive and specific when measured in areas with certain degree of BMP antagonism (i.e. tBMPI ¼ 8e11).
As a proof-of-concept, we demonstrated that high-levels of eHTRA3 were expressed in poorly-differentiated cancer cell cohorts positioned in the invasive margins ( Figure 5C yellow dotted line) in close proximity to the desmoplastic stroma. A striking difference of eHTRA3 expression between this cancer cell subpopulation ( Figure 5C ; yellow arrows) and the tumor core cells ( Figure 5C ; yellow asterisks) has been illustrated in many cases implying that these cells could probably demonstrate an "early tumor-budding phenotype". Morphologically, these cells retained some level of cell-to-cell adhesion with the proximal invasion fronts ( Figure 5C ).
3.6.
Validation experiments in an independent patient cohort Significant difference ( p < 0.05, ManneWhitney U-test) of eHTRA3 expression between tumor budding-bearing and -free microenvironments was demonstrated in an independent cohort of 38 patients with CRC ( Figure 6A ). Expression scores from multiple areas of the same case were combined in one mean HTRA3 expression score per case and correlation with tumor budding was, then, examined. The expression level of eHTRA3 was significantly increased ( p ¼ 0.019, spearman's rho ¼ 0.349), following an increase in the tumorbudding score at the level of the invasion front ( Figure 6B ). Logistic regression was conducted in the validation cohort, by additionally taking into consideration patient demographic data [gender, T-category, Crohn's like reaction and tumorinfiltrating lymphocytes (marked TILs)], as shown in Supplementary Table 1. Interestingly, the expression of HTRA3 in cancer cells lining the invasion front could still significantly ( p ¼ 0.042, AUC ¼ 0.731) predict the presence of tumor budding-free areas with 64% sensitivity and 95% specificity ( Figure 6C ).
It has been previously denoted that tumor-budding is an independent factor of poor prognosis in CRC (Barresi et al., 2012; Mitrovic et al., 2012; Wang et al., 2009) , an observation that was also confirmed in this 38-patient cohort (Supplementary Figure 6) . Therefore, since eHTRA3 expression was associated with tumor budding, as depicted through our collective observations, we hypothesized that it could also be related to patient survival. Indeed, survival analysis using KaplaneMeier plots demonstrated that w50% of CRC patients with highest expression of eHTRA3 (i.e. with a score of >2) had poorer prognosis than that of the remainder 50% with the lowest expression ( Figure 6D ).
Discussion
Emerging technologies, such as mass spectrometry-based proteomics and integrative bioinformatics (Karagiannis et al., 2010) , allowed us to initially propose the coordinated deregulation of multiple determinants of BMP antagonism in colorectal cancer (Karagiannis et al., 2012a (Karagiannis et al., , 2013a . The current study has successfully validated these observations and illustrated a more solid perspective on the individual contribution of each one of the BMPI determinants in CRC desmoplastic invasion fronts. Interestingly, we noted a synchronous and coordinated expression of GREM1, FST and HTRA3 in both stromal and epithelial compartments of desmoplastic cancers, which followed a consistent pattern as the levels of BMP antagonism elevated. This observation fits well into our previously described model of "multilayered BMP antagonism hypothesis" (Karagiannis et al., 2013a) , stating that CRC cells of the advanced invasion front can only flourish in a microenvironment devoid of the tumorsuppressive properties of the BMP signaling: To guarantee its absolute disruption, the cancer cells deploy multiple "layers" of BMP antagonism, including the genetic level (i.e. SMAD4/ BMPR2 functional mutations) (Kodach et al., 2008; Kotzsch et al., 2008) , the epigenetic level (i.e. methylation of BMP2 gene promoter) (Wen et al., 2006) , as well as the proteomic level (i.e. antagonistic regulation of BMP ligands by paracrine production of BMP antagonists) (Sneddon et al., 2006) . Here, we demonstrated that multiple BMPIs could be determinants of this multilayered BMP inhibition process. By investigating the BMPI signature pattern in desmoplastic areas, we observed the presence of "microenvironmental polarity" in the expression levels of three individual BMPIs. In particular, FST and GREM1 demonstrated preferential expression in the epithelial compartment of the tumors, while HTRA3 in the stromal compartment. However, a significant shift in the epithelial expression of HTRA3 was noticed with increasing levels of overall BMP antagonism as well as with tumor-budding areas. On this basis, we concluded that the level of epithelial expression of HTRA3 is the ratelimiting step for maintenance of a tumor-budding-free microenvironment in CRC. The logistic regression model and the respective ROC curves suggested that as long as the expression of the BMP antagonist HTRA3 is low in cancer cells lining the invasion front, there is a w90% chance that the cancer will harbor a tumor-budding-free desmoplastic microenvironment. Only after the microenvironmental polarity of HTRA3 expression towards the stroma is disrupted (i.e. the eHTRA3 and sHTRA3 determinants obtain expression scores without significant differences), the possibility of tumorbudding formation is significantly enhanced. However, to which extent the HTRA3-dependent BMP antagonism is simply phenotypically coincidental or causatively linked with the process of tumor budding formation remains to be elucidated.
Although we observed significant predictive power of HTRA3 expression in identifying tumor budding-free microenvironments, this marker did not present with astounding sensitivity in defining the process. We believe that this was quite an expected and reasonable outcome, especially since tumor-budding formation is a rather complicated process, possibly mediated by multiple EMT-regulating pathways (Mitrovic et al., 2012; Lugli, 2011, 2009 ), besides BMP. Interestingly though, our logistic regression model represents a very delicate means of showing that only a specific portion of CRC patients that eventually develop enhanced BMP antagonism (through aberrant HTRA3 secretion) will eventually form tumor buds in the invasion front. A better definition of this CRC patient subgroup, along with a mechanistic explanation as to how and why HTRA3 microenvironmental polarity is shifted in those, should be further explored in the future.
Interestingly, tumor-budding has been clearly associated to malignant phenomena, such as epithelial-tomesenchymal transition (EMT) (Zlobec and Lugli, 2011) . Also, it has been suggested as an independent and reproducible factor of poor prognosis in CRC and other types of cancer, capable of stratifying those into risk groups, in a more meaningful fashion than the traditional TNM system (Barresi et al., 2012; Karamitopoulou et al., 2012; Mitrovic et al., 2012; Wang et al., 2009) . However, the assessment of the degree of tumorbudding is highly prone to laboratory-and observer-based biases. Therefore, well-standardized histological and immunohistochemical criteria for tumor budding evaluation remain to be determined in the future (Mitrovic et al., 2012) . As such, the prognostic potential of HTRA3 as a predictive immunomarker, in the area of tumor-budding occurrence should not be disregarded. The epithelial expression of HTRA3 or other relevant markers could be used for accurate measurement of this biological process in CRC, if they prove to be sensitive and specific in large patient cohorts.
An important feature is the utilization of an independent patient cohort for verifying the predictive potential of HTRA3 in discriminating between tumor-budding-free and -bearing microenvironments. By repeating logistic regression in the validation cohort, it should be noted that potential confounding factors were taken into consideration and the classification model was properly corrected. As such, we are relatively confident that HTRA3 alone possesses a strong potential to be implicated with tumor budding in a mechanistic aspect. However, important molecular aspects of CRC, such as microsatellite stability status, should not be underestimated, as they could also be related to the mechanism and nature of tumor invasion. It is known that MSI CRC presents with lower aggressiveness (Buckowitz et al., 2005 ) that may also be reflected in the macroscopic appearance of tumor configuration (Sasaki et al., 1998) . This is also supported by the fact that MSI tumors lose the EMT-promoting properties of TGFbeta signaling through mutational inactivation of TGFBR3 (Warusavitarne et al., 2009) , and such impairment of EMT may have an impact on the progression of the disease (Pino et al., 2009 ). As such, the currently described BMP antagonists could theoretically complement or even replace the missing EMT-promoting role of the TGF-beta pathway in MSI patients to promote EMT and local invasion/tumor budding formation. This speculation remains to be explored in the future. Unfortunately, direct data on microsatellite status were not available in our patient cohorts in the current study. However, based on previous knowledge (Shia et al., 2003; Wright and Stewart, 2003) , there is certain histopathology that is correlated with defects in mismatch repair mechanisms in colon cancers. In particular, Crohn's-like lymphoid reaction and marked tumor-infiltrating lymphocytes (marked TILs), have been associated and very well-correlated with microsatellite instability. Information on these histologies were fortunately available in our verification cohort (supplementary Table 1 ) and these data were used for correcting respective biases of the logistic regression model.
It should be noted that the determinants of the BMPI signature might regulate a diverse repertoire of biological responses in the desmoplastic invasion front. One of them, GREM1 is a highly-selective inhibitor of certain BMP ligands, in particular BMP2, -4 and -7 (Kosinski et al., 2007) . However, GREM1 is also capable of binding to and activating phosphorylation of vascular endothelial growth factor receptor-2 (VEGFR2) in a BMP-independent fashion (Mitola et al., 2010) , leading to the formation of VEGFR2/a n b 3 -integrin complexes and angiogenesis promotion (Ravelli et al., 2012) . Moreover, FST is less selective and although it heterodimerizes with BMPs with some affinity, the major pathway in the TGF-b superfamily of proteins that it regulates is the activin/inhibin pathway (Beites et al., 2009 ). Finally, HTRA3 is an extracellular protease that remodels ECM in a manner that sequesters members of the TGF-b superfamily, reducing their bioavailability (Tocharus et al., 2004) . Consequently, the observed BMPI signature will not necessarily exert a tumor-regulatory effect (if indeed has any), exclusively through BMP antagonism, since these pleiotropic effects of the aforementioned BMPIs are well-documented.
In conclusion, three major characteristics jointly described the BMPI expression signature: First, the synchronous and coordinated stromal and epithelial expression of individual BMPIs in desmoplastic areas, which demonstrated that all three of them contribute to increasing levels of BMP antagonism. Second, the presence of microenvironmental polarity in the BMPI pattern of expression, which was indicated through the preferential expression of HTRA3 in the stromal, and a parallel FST/GREM1 expression in the epithelial component of the investigated areas. Third, the expression of HTRA3 in the epithelial compartment of the tumors demonstrated a significant predictive power to discriminate between tumorbudding-bearing and tumor-budding-free desmoplastic microenvironments. Together, these findings form the basis for understanding signaling dynamics of BMP antagonism in CRC desmoplastic invasion front and shed some insight in the regulation of the core pathway.
